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Abstract We study the impact of large lepton flavour
asymmetries on the cosmic QCD transition. Scenar-
ios of unequal lepton flavour asymmetries are observa-
tionally almost unconstrained and therefore open up
a whole new parameter space in order to study the
nature of the cosmic QCD transition. For very large
asymmetries, we point out two limitations to our cur-
rent method, namely the possible formation of a Bose-
Einstein condensate of pions and the reliability of the
Taylor expansion applied in this work.
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1 Introduction
The recent direct detection of gravitational waves (GWs)
by the LIGO/Virgo collaboration [1] has revived the in-
terest in phase transitions in the early Universe [2]. In
general, first-order phase transitions can be accompa-
nied by processes that lead to the emission of GWs,
while crossovers do not lead to a strong enhancement
over the primordial GW spectrum. Within the Stan-
dard Model of particle physics (SM) both the electroweak
transition at Tew ∼ 130 GeV as well as the transition of
quantum chromodynamics (QCD) at TQCD ∼ 150 MeV
are expected to be crossovers. However, many exten-
sions of the scalar sector of the Standard Model can give
rise to a first order elelectroweak phase transition [3].
Even the simplest extension, i.e. by a real singlet, is
difficult to exclude at the LHC (see, e.g. [4]). There
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are however much fewer mechanisms known that could
provide a first-order QCD transition (e.g. [5,6]), which
is why this possibility has obtained considerably less
attention. The softening of the equation of state dur-
ing the QCD transition, be it first order or a crossover,
leads to an enhancement of the production of primor-
dial black holes [7,8,9], one of the prime candidates for
dark matter, see e.g. [10].
In this work, we present a simple and observation-
ally unconstrained mechanism that has an impact on
the cosmic trajectory at temperatures around the cos-
mic QCD transition. We extend the work of [11] and
discuss how large lepton flavour asymmetries could pos-
sibly affect the cosmic QCD transition [12,13]. Besides
the aforementioned imprint in the GW spectrum, a
first-order QCD phase transition could possibly lead
to the formation of other observable relics of the early
Universe [14,15].
Our current understanding of the QCD phase dia-
gram is as follows. Whether strongly interacting par-
ticles exist in the form of quarks and gluons or in the
form of hadrons (i.e. confined quarks and gluons) de-
pends in general on the temperature T and the baryon
chemical potential µB (and all other potentials associ-
ated with relevant conserved quantum numbers) of the
system. It is known from lattice QCD [16,17,18] that
at vanishing chemical potentials the transition between
these two phases is a crossover, where a pseudocritical
temperature is calculated to be TQCD = 156.5 ± 1.5
MeV [19] (TQCD = 147(2)− 165(5) MeV [20]). At large
baryon chemical potential and vanishing temperatures
in contrast, effective models of QCD (like the Nambu
Jona-Lasinio model) predict a first-order chiral transi-
tion. This leads to the speculation that there exists a
critical line in the (µB, T )-diagram which separates the
two phases by a first-order transition and which is sup-
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2posed to end in a second-order critical end point. Func-
tional QCD methods predict this critical end point to
be located around (µCEPB , T
CEP) = (672, 93) MeV [21].
The standard trajectory of the Universe in the QCD
diagram is based on the assumption of tiny matter-
antimatter asymmetries and is expected to start at large
temperatures and low baryon chemical potentials. Due
to the expansion of space the temperature decreases,
but the baryon chemical potential is expected to re-
main small roughly until pion annihilation at T ≈ mpi3 ,
when µB starts to approach the nucleon mass. There-
fore, as mentioned above, the transition is expected to
be a crossover. This idea of the standard cosmic trajec-
tory is based on the observation that the Universe has
an extremely small (and well measured) baryon asym-
metry, i.e., b = (8.70±0.06)×10−11 (inferred from [22]).
If the lepton asymmetry is assumed to be on the same
order of magnitude, this indeed implies a small baryon
chemical potential µB at T & mpi3 [11]. However, obser-
vational constraints on the lepton asymmetry are much
weaker, allowing in principle a lepton asymmetry that
is many orders of magnitude larger than the baryon
asymmetry. As shown in [13,11], for increasing values
of the lepton asymmetry the cosmic trajectory is shifted
towards larger values of µB. While [13,11] assumed the
lepton flavour asymmetries lα to have the same values
(i.e. lα =
l
3 where l is the total asymmetry), in this work
we show that scenarios of unequal lepton flavour asym-
metries are even less constrained and therefore can have
an even larger impact on the cosmic trajectory. The im-
pact of lepton flavour asymmetries on the abundance of
weakly interacting dark matter has been studied in [23].
This article is organized as follows. In section 2
we summarize our method to calculate the cosmic tra-
jectory. Section 3 discusses the situation of unequal
lepton flavour asymmetries. Our main results are pre-
sented in section 4, where we also discuss the limita-
tions of our current method. Further details are pro-
vided in two appendices. We conclude in section 5. All
expressions of this work are provided in natural units,
i.e., c = ~ = kB = 1.
2 Method
In this section, we summarize the method of [11] and
also reveal an improvement to it in the high tempera-
ture regime. For more details we refer the reader to [24,
11,13].
After the electroweak transition (Tew ∼ 100 GeV)
and before the onset of neutrino oscillations (Tosc ∼ 10
MeV) electric charge, baryon number and lepton flavour
number are conserved in a comoving volume. Assuming
furthermore the conservation of entropy in a comoving
volume lepton flavour number lα, baryon number b and
electric charge q in comoving volume can be written as
lα =
nα + nνα
s
(α = e, µ, τ), (1)
b =
∑
i
Bini
s
, (2)
q =
∑
i
Qini
s
. (3)
The sum in the last two equations goes over all con-
tributing particles species with baryon number Bi and
electric charge Qi. s denotes the total entropy density
and nj the net number densities of particle species j
(i.e. the number density of particles minus the number
density of anti-particles).
The basic idea of this work and [11,23] can be sum-
marized as follows: The cosmic trajectory in the QCD
phase diagram is determined by the conservation of lα,
b and q, i.e., by the requirement that eqs. (1)–(3) are
fulfilled throughout the evolution of the Universe af-
ter the electroweak transition and before the onset of
neutrino oscillations (Tosc < T < Tew). The comov-
ing baryon number (from here on referred to as baryon
asymmetry) can be fixed to b = 8.70×10−11 [22] and it
is reasonable to assume an electric charge neutral Uni-
verse, q = 0 [25]. This leaves us with the three comov-
ing lepton flavour numbers lα as free input parameters,
which we refer to as lepton flavour asymmetries in the
rest of this work. Each conserved charge can be assigned
with a chemical potential, i.e., µB, µQ and µLα . Those
chemical potentials can be related to the chemical po-
tentials of the different particle species on the RHS of
eqs. (1)–(3), for which we furthermore obtain relations
by assuming chemical equilibrium. In general, large lep-
ton asymmetries lα induce not only large µLα but also
large µB and µQ through relations (1)–(3). This implies
that our choice for the lepton flavour asymmetries has
a possible impact on the nature of the cosmic QCD
transition.
By numerically solving eqs. (1)–(3) for 10 MeV <
T < 500 MeV and for a given set of lα we obtain the
Universe’s trajectory in six-dimensional (µB , µQ, µLα , T )
space. Due to the confinement of quarks into hadrons
at TQCD ∼ 150 MeV we divide this temperature range
into three different regimes that we will describe in the
following. Leptons on the other can be treated at all
times in the same way, i.e., we calculate their ther-
modynamic quantities assuming Fermi-Dirac distribu-
tions (including chemical potentials). In the tempera-
ture regime of interest it is entirely sufficient to treat
neutrinos as massless particles.
Quark-gluon plasma (QGP, T & TQCD) In [11] we made
the assumption that quarks and gluons behave as an
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Fig. 1 Temperature evolution of the entropy density for the
standard lepton asymmetry l = −51
28
b where lα =
l
3
, and for
the case of unequilibrated lepton flavour asymmetries with
le = 0, lµ = −4× 10−2 = −lτ . Continuous lines at low tem-
peratures are results for the HRG. The symbols • indicate
results obtained using 2+1+1 flavor lattice QCD suscepti-
bilities [26,27], respectively. The dashed lines are the ideal
quark gas results. Continuous lines for high temperatures are
the results using s(T, 0), (T, 0), and p(T, 0) including strong
interaction effects according to [28,29] and contributions of
non-zero chemical potentials according to thermal distribu-
tions.
ideal gas. Due to considerably strong gluonic interac-
tions this assumption is however not very realistic. As
we show in fig. 1 on the example of the entropy den-
sity, treating quarks as an ideal gas leads to a gap in
the thermodynamic quantities between the quark phase
and the subsequent QCD phase. In this work, we there-
fore use corrections from perturbative QCD [29] to the
entropy density s(T, 0), the energy density (T, 0) and
the pressure p(T, 0). Since the calculations in [29] were
performed at zero chemical potentials we add the ex-
tra contributions due to chemical potentials assuming
thermal phase-space distributions (i.e. Fermi-Dirac and
Bose-Einstein, respectively). Net number densities are
calculated assuming thermal distributions, as in [11].
While those extra contributions are negligible for small
lepton (flavour) asymmetries they become sizeable for
|lα| & 0.01, as is apparent from fig. 1. Note that in order
to obtain fig. 1 for lf 6= 0 we solved eqs. (1)-(3) for all
µ(T ) and s(T, µ(T )) simultaneously. In Appendix A we
show the impact on the cosmic trajectory from apply-
ing the perturbative QCD results rather than the ideal
quark gas approach.
QCD phase (QCD, T ≈ TQCD) At temperatures around
T ∼ 150 MeV quarks confine into hadrons and pertur-
bative QCD is not sufficient any longer. As in [11], we
therefore make use of susceptibilities χab from lattice
QCD that arise from a Taylor expansion of the QCD
pressure,
pQCD(T, µ)=pQCD(T, 0) +
1
2
µaχab(T )µb +O(µ4)
≡ pQCD0 (T ) + pQCD2 (T, µ),
(4)
with an implicit sum over a, b ∈ {B,Q}. Number and
entropy densities on the RHS of eqs. (2) and (3) can
also easily be expressed in terms of χab.
In [11], we presented results using two different data
sets for the lattice QCD susceptibilities: i) continuum
extrapolated including u, d and s quarks [30] and ii) not
continuum-extrapolated but including also the c quark
[26,27]. We showed that the inclusion of the charm
quark is essential in order to connect the different tem-
perature regimes, which is why we only use the second
data set in this work. Note that for the entropy density
we use the perturbative QCD results at zero chemi-
cal potential from [29] and add the contribution from
lattice QCD susceptibilities to it (as in [11]). To some
extent, this also explains the perfect agreement in fig.
1 between the entropy density using lattice suscepti-
bilities and the one using perturbative QCD [29]. It is
however noteworthy that this consistency even extends
to large chemical potentials or respectively large suscep-
tibilities in fig. 1. As we will see in the sec. 4, the use of
lattice susceptibilities is nevertheless essential in order
to connect the cosmic trajectory between the different
temperature regimes.
Hadron resonance gas (HRG, T . TQCD) As in [11]
at low temperatures, we assume an ideal gas of hadron
resonances (i.e. thermal distributions), taking into ac-
count hadron resonances up to mass mΛ(2350) ≈ 2350
MeV ∼ 15TQCD according to the summary tables in
[31].
3 Large lepton flavour asymmetries
The baryon asymmetry of the Universe is a tiny and
well measured quantity. The origin of this number how-
ever cannot be explained within the SM of particle
physics and gives rise to an active field of research.
The idea of leptogenesis [32] is to create an initial lep-
ton asymmetry that is later partially converted into the
baryon asymmetry by the appearance of sphaleron pro-
cesses. Therefore, according to the standard picture, the
lepton asymmetry of our Universe would be on the same
order of magnitude as the baryon asymmetry (i.e tiny),
or more explicitly l = − 5128b [33], where the exact nu-
merical pre-factor depends on the assumed particle con-
tent of the Universe before the onset of sphaleron pro-
cesses. This idea however still awaits experimental evi-
dence and there are alternative models predicting large
4lepton asymmetries [34,35,36,37]. Either way, lepton
asymmetry is a key parameter to understand the origin
of the matter-antimatter asymmetry of the Universe.
When abandoning the assumption of a negligible
lepton asymmetry we are left with three lepton flavour
asymmetries as free input parameters. In principle, those
lepton flavour asymmetries can be initially different in
size. At T ≈ 10 MeV neutrino oscillations become effi-
cient which can lead to an equilibration of lepton flavour
asymmetries such that finally lα ≈ l/3 [38,39]. It should
be noted that depending on the initial values of the lep-
ton flavour asymmetries and the mixing angles, equi-
libration may be only partial, i.e., lα 6= l/3 [40,41,
42]. However, assuming that lα = l/3 after the onset
of neutrino oscillations allows us to obtain constraints
on l from the observation of primordial elements, i.e.,
big bang nucleosynthesis (BBN) [43], and the cosmic
microwave background (CMB) [44]. In [11] for sim-
plicity we assumed equal lepton flavour asymmetries,
lα = l/3. By solving eqs. (1)–(3) as explained in the
previous section, we showed that for increasing values
of |l| the trajectory passes through larger absolute val-
ues of the chemical potentials µi (i = B,Q,Lα). For
the maximally allowed value |l| < 1.2 × 10−2 from
CMB observations [44], the lattice susceptibilities al-
lowed to connect the QGP and HRG phases relatively
smoothly (given the expected uncertainties from our
approximations and the lattice QCD results). This re-
sult however was based on the assumption of equal lep-
ton flavour asymmetries and in this work we investigate
the by far less constrained scenario of unequal lepton
flavour asymmetries. In that case, since the total lepton
asymmetry is conserved during neutrino oscillations, we
are still constrained by |l| < 1.2 × 10−2 [44] but the
magnitudes of the individual lepton flavour asymme-
tries could be much larger than |l| as long as they fulfill
|le+ lµ+ lτ | < 1.2×10−2. It was shown in [45] that such
scenarios also lead to values of the effective number of
relativistic degrees of freedom Neff that are in agree-
ment with BBN and CMB observations, i.e., Neff ∼ 3.
4 Cosmic trajectory
The fact that the individual lepton flavour asymmetries
are essentially unconstrained before the onset of neu-
trino oscillations opens up a huge parameter space in
order to study the cosmic trajectory at the times of the
QCD transition. This immediately raises the question if
large enough lepton flavour asymmetries could induce a
first-order QCD transition and what large enough quan-
titatively means. As we demonstrate in this section, our
current method is however restricted to relatively low
values of lα which prohibits us to give a definite answer
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to this question at this point, but nevertheless allows
us to identify regions in parameter space which deserve
further study.
Despite the observational constraint |l| = |le + lµ +
lτ | < 1.2 × 10−2, unequal flavour asymmetries provide
a lot of parameter freedom. For simplicity, in the main
part of this work we only present the results for the sce-
nario le = 0, lµ = −lτ . We refer the reader to Appendix
B for more examples of differently distributed lepton
flavour asymmetries. As a supplement to our previous
work [11] we also discuss the case of equal flavour asym-
metries.
4.1 Pion condensation
Within the HRG approximation, a large chemical po-
tential of the electric charge µQ can lead to the forma-
tion of a Bose-Einstein condensate of pions. This hap-
pens when the chemical potential of the pion becomes
larger than its mass, i.e., |µQ| = µpi ≥ mpi. While this
in general could have interesting consequences such as
the formation of pion stars [46,47], for our method this
simply implies that our assumption of a Bose-Einstein
distribution for pions breaks down since the low energy
modes need to be treated separately.
The condition |µQ| ≥ mpi translates non-trivially
into the (µB , µLe , µLµ , µLτ )-T planes. In order to deter-
mine the region of parameter space (µB , µLe , µLµ , µLτ )
in which pion condensation could happen, we add |µQ| =
mpi as an additional condition on top of eqs. (1)–(3).
While in general the three values for lα are free to
choose as input parameters, this extra condition fixes
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one degree of freedom and therefore only two lepton
flavour asymmetries can be chosen freely while the third
one is determined at each temperature T by numerically
solving eqs. (1)–(3) and |µQ| = mpi.
Fig. 2 shows the solutions of this set of equations for
two different parameter choices: equal lepton flavour
asymmetries (le = lµ = lτ =
l
3 ) and unequal lepton
flavour asymmetries exemplary for le = 0, lµ = −lτ .
Note that both of these cases are effectively described
by only one degree of freedom and therefore no further
input is required. The shaded regions in fig. 2 show
for which value of the muon lepton asymmetry lµ pion
condensation may occur at a given temperature. Since
the lepton flavour asymmetries are conserved quantities
(before the onset of neutrino oscillations), we should
choose the most conservative value for lµ from fig. 2 in
order to avoid the appearance of pion condensation. As
evident from fig. (2), for unequal lepton this constrains
the reliability of our method to |lµ| . 0.06 and for equal
flavour asymmetries to |lµ| . 0.03 (i.e. |l| . 0.09).
4.2 Applicability of Taylor expansion
Another restriction for our method comes from the use
of lattice susceptibilities χab (a, b = Q,B). As explained
above, the application of these data is based on a Taylor
expansion of the QCD pressure in terms of chemical po-
tentials up to second order. This expansion is naturally
expected to break down at large chemical potentials
which restricts the applicability of our method to suf-
ficiently low values of the lepton asymmetries. There
is however no strict criterion which tells us when ex-
actly the use of lattice susceptibilities is still justified
and when not. A reasonable and conservative estimate
for the reliability of our method could be given by
pQCD2 (T, µ) ≤ 0.1 · pQCD0 (T )
⇒1
2
µaχabµb ≤ 0.1 · pQCD0 (T ).
(5)
As for the identification of the potential pion con-
densation region, we extend our numerical code by adding
eq. (5) as a sixth condition additionally to eqs. (1)–(3).
Again, this reduces the number of degrees of freedom
by one, such that only two of the three lepton flavour
asymmetries are free to chose.
Similarly to fig. 2, we show the solution of this set
of equations for the cases of equal lepton flavour asym-
metries (lα =
l
3 ) and unequal lepton flavour asymme-
tries (again exemplary for le = 0, lµ = −lτ ) in fig. 3. It
turns out that for the unequal case and for the largest
temperature value of the lattice data eq. (5) is never
fulfilled such that the orange region in fig. 3 ends below
this temperature value. We conclude that the applica-
tion of the Taylor expansion in eq. (4) is justified for
|lµ| . 0.04 in case of unequal lepton flavour asymme-
tries and for |lµ| . 0.025 (i.e. |l| . 0.075) in case of
equal flavour asymmetries. These constraints are hence
slightly more restrictive than the ones from avoiding
pion condensation.
4.3 Cosmic trajectory for large lepton flavour
asymmetries
In figure 4 we show the cosmic trajectory projected on
the (µB , T )- and (µQ, T )-plane for the case of unequal
flavour asymmetries (le = 0, lµ = −lτ ) and the case of
equal flavour asymmetries (lα =
l
3 ). We present both
cases for their maximally allowed values for the lepton
(flavour) asymmetries: As we have seen in the previous
subsection, the unequal case is restricted by the appli-
cability of the Taylor expansion to |lµ| . 4× 10−2. For
the equal case our method is reliable for lepton asymme-
tries as large as |l| = 7.5×10−2, but observations of the
CMB constrain the lepton asymmetry to |l| < 1.2×10−2
[44] (i.e. |lα| < 4× 10−3). This also implies that all tra-
jectories presented in our previous work [11] were nei-
ther affected by the restrictions from pion condensation
nor by the applicability from the Taylor expansion. For
comparison we also show the standard trajectory (equal
lepton flavour asymmtries with l = − 5128b). The shaded
regions in fig. 4 refer to the same regions as figs. 2 and
3 but in the (µB , T )- and (µQ, T )-planes, i.e. the region
where pion condensation occurs and the region where
the second order Taylor expansion is not reliable. It
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turns out that those shaded regions are valid for both
cases (equal and unequal lepton flavour asymmetries).
We see that both cases lead to trajectories reaching
sizeable values of µB and µQ. Fig. 4 furthermore con-
firms that the scenario of unequal lepton flavour asym-
metries can induce larger chemical potentials than the
case of equal flavour asymmetries. This is due to the
fact that the latter case is constrained by observations
of the CMB.
As particularly apparent from the µQ plot in fig. 4,
for lepton asymmetries as large as studied in this work,
there is also a relatively large gap between the results
for the QGP and the QCD phase and as well between
the HRG and the QCD phase. We believe that possible
reasons for this could be related to the lack of con-
tinuum extrapolation and the restricted temperature
range of lattice susceptibilities. Another impact could
be given by missing finite density effects in the pertur-
bative QCD calculations applied in this work [29]. Fur-
thermore, as stated in sec. 4.2, there exists no strict cri-
terion in order to estimate for how large lepton flavour
asymmetries the use of the Taylor expansion (4) is still
justified. This also means that there is no guarantee
that the criterion applied in this work, eq. (5), is in-
deed sufficiently conservative.
Note that for the scenario of lµ = 0, le = −lτ the
corresponding curves in fig. 4 would look extremely sim-
ilar to the here presented case. The scenario of lτ =
70, le = −lµ in contrast is restricted to much smaller
values of µB and µQ.
5 Conclusions
We extended our previous work [11] and studied the
cosmic trajectory in the QCD phase diagram for large
unequal lepton flavour asymmetries. We argued that
scenarios of unequal flavour asymmetries are by far
less constrained than the previously studied case of
equal lepton flavour asymmetries: While for equal lep-
ton flavour asymmetries CMB constraints [44] restrict
the magnitudes of the individual lepton flavour asym-
metries to relatively small values, in the case of unequal
lepton flavour asymmetries they are essentially uncon-
strained (as long as their sum fulfills the CMB require-
ment |le + lµ + lτ | < 1.2 × 10−2 [44]). Exemplary for
the scenario of le = 0, lµ = −lτ we showed that the cos-
mic trajectory indeed reaches larger µB and µQ than
reachable for equal flavour asymmetries. This extends
the parameter space to the region of the QCD diagram
in which the nature of the QCD transition is still un-
known and offers a very interesting perspective to gain
insights to the origin of the matter-antimatter asymme-
try of the Universe: If for large enough lα the transition
turns out to be first order, the prospect of measuring
the GW spectrum with pulsar timing arrays [48] would
offer a way to observationally constrain individual lep-
ton flavour asymmetries (before the onset of neutrino
oscillations).
However, we also showed that our current method
is not capable to be applied to lepton flavour asym-
metries which imply significantly larger values of µB
and µQ than already studied in our prvious work [11].
When the electric charge chemical potential exceeds the
pion mass, a Bose-Einstein condensation of pions might
form. In practice, this simply means that our assump-
tion of a Bose-Einstein distribution for pions is not valid
anymore. This could possibly be circumvented by re-
placing the current thermodynamic quantities of pions
in our method by the ones calculated for a pion conden-
sate in [49]. However, the more serious restriction to our
method comes from the applicability of a Taylor expan-
sion, in which we use lattice QCD susceptibilities. We
showed that for |lµ| & 4× 10−2 the chemical potentials
become as large that pQCD2 (T, µ) > 0.1 · pQCD0 (T ), i.e.,
the second order contribution becomes a sizeable cor-
rection to the zeroth order contribution, which makes
the Taylor series approach questionable. This problem
could be relaxed by the use of higher order contribu-
tions to the QCD pressure; such are however currently
not available from lattice QCD calculations including
the charm quark. An alternative might be an appli-
cation of functional QCD methods [50] which do not
encounter any problems in the regime of large chemi-
cal potentials. The access to the phase structure in the
whole (µ, T )-plane could offer a consistent platform to
investigate the cosmic trajectory at QCD temperatures,
even though the truncations introduced in functional
QCD methods would bring in some ambiguities on de-
termining the phase structure quantitatively.
Our final conclusion is that large lepton flavour asym-
metries still allow for the possibility of a first-order cos-
mic QCD transition. Extending our study to sufficiently
large lepton flavour asymmetries with the presently ap-
plied method described in [11], based on Taylor expan-
sions around vanishing chemical potentials, is however
not possible and further improvements are required.
Acknowledgements We thank Fei Gao, Frithjof Karsch,
Ju¨rgen Schaffner-Bielich and Christian Schmidt for interest-
ing discussions. We acknowledge support by the Deutsche
Forschungsgemeinschaft (DFG) through the Grant No. CRC-
TR 211 “Strong-interaction matter under extreme conditions”.
M. M. M.-W. acknowledges the support by Studienstiftung
des Deutschen Volkes. I. M. O. acknowledges support from
FPA2017-845438 and the Generalitat Valenciana under grant
PROMETEOII/2017/033.
References
1. LIGO Scientific, Virgo Collaboration, B. P. Abbott
et al., “Observation of Gravitational Waves from a
Binary Black Hole Merger,” Phys. Rev. Lett. 116
(2016) no. 6, 061102, arXiv:1602.03837 [gr-qc].
2. C. Caprini and D. G. Figueroa, “Cosmological
Backgrounds of Gravitational Waves,” Class. Quant.
Grav. 35 (2018) no. 16, 163001, arXiv:1801.04268
[astro-ph.CO].
3. J. Espinosa and M. Quiros, “The Electroweak phase
transition with a singlet,” Phys. Lett. B 305 (1993)
98–105, arXiv:hep-ph/9301285.
4. M. Cepeda et al., Report from Working Group 2:
Higgs Physics at the HL-LHC and HE-LHC, vol. 7,
pp. 221–584. 12, 2019. arXiv:1902.00134 [hep-ph].
5. S. Iso, P. D. Serpico, and K. Shimada,
“QCD-Electroweak First-Order Phase Transition in a
Supercooled Universe,” Phys. Rev. Lett. 119 (2017)
no. 14, 141301, arXiv:1704.04955 [hep-ph].
6. T. Hambye, A. Strumia, and D. Teresi, “Super-cool
Dark Matter,” JHEP 08 (2018) 188, arXiv:1805.01473
[hep-ph].
7. K. Jedamzik, “Primordial black hole formation during
the QCD epoch,” Phys. Rev. D 55 (1997) 5871–5875,
arXiv:astro-ph/9605152.
8. K. Jedamzik and J. C. Niemeyer, “Primordial black hole
formation during first order phase transitions,” Phys.
Rev. D 59 (1999) 124014, arXiv:astro-ph/9901293.
9. C. T. Byrnes, M. Hindmarsh, S. Young, and M. R. S.
Hawkins, “Primordial black holes with an accurate
QCD equation of state,” JCAP 08 (2018) 041,
arXiv:1801.06138 [astro-ph.CO].
810. B. Carr, F. Kuhnel, and M. Sandstad, “Primordial
Black Holes as Dark Matter,” Phys. Rev. D 94 (2016)
no. 8, 083504, arXiv:1607.06077 [astro-ph.CO].
11. M. M. Wygas, I. M. Oldengott, D. Bo¨deker, and D. J.
Schwarz, “Cosmic QCD Epoch at Nonvanishing Lepton
Asymmetry,” Phys. Rev. Lett. 121 (2018) no. 20,
201302, arXiv:1807.10815 [hep-ph].
12. K. Zarembo, “Lepton asymmetry of the universe and
charged quark gluon plasma,” Phys. Lett. B493 (2000)
375–379, arXiv:hep-ph/0008264 [hep-ph].
13. D. J. Schwarz and M. Stuke, “Lepton asymmetry and
the cosmic QCD transition,” JCAP 0911 (2009) 025,
arXiv:0906.3434 [hep-ph]. [Erratum:
JCAP1010,E01(2010)].
14. E. Witten, “Cosmic Separation of Phases,” Phys. Rev.
D30 (1984) 272–285.
15. D. J. Schwarz, “The first second of the universe,”
Annalen Phys. 12 (2003) 220–270,
arXiv:astro-ph/0303574 [astro-ph].
16. Y. Aoki, G. Endrodi, Z. Fodor, S. D. Katz, and K. K.
Szabo, “The Order of the quantum chromodynamics
transition predicted by the standard model of particle
physics,” Nature 443 (2006) 675–678,
arXiv:hep-lat/0611014 [hep-lat].
17. T. Bhattacharya et al., “QCD Phase Transition with
Chiral Quarks and Physical Quark Masses,” Phys. Rev.
Lett. 113 (2014) no. 8, 082001, arXiv:1402.5175
[hep-lat].
18. H.-T. Ding, F. Karsch, and S. Mukherjee,
“Thermodynamics of strong-interaction matter from
Lattice QCD,” Int. J. Mod. Phys. E24 (2015) no. 10,
1530007, arXiv:1504.05274 [hep-lat].
19. HotQCD Collaboration, A. Bazavov et al., “Chiral
crossover in QCD at zero and non-zero chemical
potentials,” Phys. Lett. B 795 (2019) 15–21,
arXiv:1812.08235 [hep-lat].
20. Wuppertal-Budapest Collaboration, S. Borsanyi,
Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg, C. Ratti,
and K. K. Szabo, “Is there still any Tc mystery in
lattice QCD? Results with physical masses in the
continuum limit III,” JHEP 09 (2010) 073,
arXiv:1005.3508 [hep-lat].
21. F. Gao and J. M. Pawlowski, “QCD phase structure
from functional methods,” Phys. Rev. D 102 (2020)
no. 3, 034027, arXiv:2002.07500 [hep-ph].
22. Planck Collaboration, N. Aghanim et al., “Planck 2018
results. VI. Cosmological parameters,”
arXiv:1807.06209 [astro-ph.CO].
23. M. Stuke, D. J. Schwarz, and G. Starkman, “WIMP
abundance and lepton (flavour) asymmetry,” JCAP
1203 (2012) 040, arXiv:1111.3954 [astro-ph.CO].
24. M. M. Wygas,
Large Lepton Asymmetry and the Cosmic QCD Transition.
PhD thesis, U. Bielefeld (main), 2019.
25. C. Caprini, S. Biller, and P. G. Ferreira, “Constraints on
the electrical charge asymmetry of the universe,” JCAP
0502 (2005) 006, arXiv:hep-ph/0310066 [hep-ph].
26. A. Bazavov et al., “The melting and abundance of open
charm hadrons,” Phys. Lett. B737 (2014) 210–215,
arXiv:1404.4043 [hep-lat].
27. S. Mukherjee, P. Petreczky, and S. Sharma, “Charm
degrees of freedom in the quark gluon plasma,” Phys.
Rev. D93 (2016) no. 1, 014502, arXiv:1509.08887
[hep-lat].
28. M. Laine and Y. Schroder, “Quark mass thresholds in
QCD thermodynamics,” Phys. Rev. D73 (2006)
085009, arXiv:hep-ph/0603048 [hep-ph].
29. M. Laine and M. Meyer, “Standard Model
thermodynamics across the electroweak crossover,”
JCAP 1507 (2015) no. 07, 035, arXiv:1503.04935
[hep-ph].
30. HotQCD Collaboration, A. Bazavov et al.,
“Fluctuations and Correlations of net baryon number,
electric charge, and strangeness: A comparison of lattice
QCD results with the hadron resonance gas model,”
Phys. Rev. D86 (2012) 034509, arXiv:1203.0784
[hep-lat].
31. Particle Data Group Collaboration, M. Tanabashi et
al., “Review of Particle Physics,” Phys. Rev. D98
(2018) 030001.
32. M. Fukugita and T. Yanagida, “Baryogenesis Without
Grand Unification,” Phys. Lett. B174 (1986) 45–47.
33. E. W. Kolb and M. S. Turner, “Grand Unified Theories
and the Origin of the Baryon Asymmetry,” Ann. Rev.
Nucl. Part. Sci. 33 (1983) 645–696.
34. S. Eijima and M. Shaposhnikov, “Fermion number
violating effects in low scale leptogenesis,” Phys. Lett.
B771 (2017) 288–296, arXiv:1703.06085 [hep-ph].
35. J. Ghiglieri and M. Laine, “Precision study of
GeV-scale resonant leptogenesis,” JHEP 02 (2019) 014,
arXiv:1811.01971 [hep-ph].
36. J. A. Harvey and E. W. Kolb, “Grand Unified Theories
and the Lepton Number of the Universe,” Phys. Rev.
D24 (1981) 2090.
37. I. Affleck and M. Dine, “A New Mechanism for
Baryogenesis,” Nucl. Phys. B249 (1985) 361–380.
38. A. D. Dolgov, S. H. Hansen, S. Pastor, S. T. Petcov,
G. G. Raffelt, and D. V. Semikoz, “Cosmological
bounds on neutrino degeneracy improved by flavor
oscillations,” Nucl. Phys. B632 (2002) 363–382,
arXiv:hep-ph/0201287 [hep-ph].
39. Y. Y. Y. Wong, “Analytical treatment of neutrino
asymmetry equilibration from flavor oscillations in the
early universe,” Phys. Rev. D66 (2002) 025015,
arXiv:hep-ph/0203180 [hep-ph].
40. S. Pastor, T. Pinto, and G. G. Raffelt, “Relic density of
neutrinos with primordial asymmetries,” Phys. Rev.
Lett. 102 (2009) 241302, arXiv:0808.3137 [astro-ph].
41. G. Barenboim, W. H. Kinney, and W.-I. Park,
“Resurrection of large lepton number asymmetries from
neutrino flavor oscillations,” Phys. Rev. D95 (2017)
no. 4, 043506, arXiv:1609.01584 [hep-ph].
42. L. Johns, M. Mina, V. Cirigliano, M. W. Paris, and
G. M. Fuller, “Neutrino flavor transformation in the
lepton-asymmetric universe,” Phys. Rev. D94 (2016)
no. 8, 083505, arXiv:1608.01336 [hep-ph].
43. C. Pitrou, A. Coc, J.-P. Uzan, and E. Vangioni,
“Precision big bang nucleosynthesis with improved
Helium-4 predictions,” Phys. Rept. 754 (2018) 1–66,
arXiv:1801.08023 [astro-ph.CO].
44. I. M. Oldengott and D. J. Schwarz, “Improved
constraints on lepton asymmetry from the cosmic
microwave background,” EPL 119 (2017) no. 2, 29001,
arXiv:1706.01705 [astro-ph.CO].
45. G. Mangano, G. Miele, S. Pastor, O. Pisanti, and
S. Sarikas, “Updated BBN bounds on the cosmological
lepton asymmetry for non-zero θ13,” Phys. Lett. B708
(2012) 1–5, arXiv:1110.4335 [hep-ph].
46. H. Abuki, T. Brauner, and H. J. Warringa, “Pion
condensation in a dense neutrino gas,” Eur. Phys. J.
C64 (2009) 123–131, arXiv:0901.2477 [hep-ph].
47. B. B. Brandt, G. Endrodi, E. S. Fraga, M. Hippert,
J. Schaffner-Bielich, and S. Schmalzbauer, “New class of
compact stars: Pion stars,” Phys. Rev. D98 (2018)
no. 9, 094510, arXiv:1802.06685 [hep-ph].
948. C. Tiburzi, “Pulsars probe the low-frequency
gravitational sky: Pulsar Timing Arrays basics and
recent results,” Publ. Astron. Soc. Austral. 35 (2018)
e013, arXiv:1802.05076 [astro-ph.IM].
49. B. B. Brandt, G. Endrodi, and S. Schmalzbauer, “QCD
phase diagram for nonzero isospin-asymmetry,” Phys.
Rev. D97 (2018) no. 5, 054514, arXiv:1712.08190
[hep-lat].
50. C. S. Fischer, “QCD at finite temperature and chemical
potential from Dyson–Schwinger equations,” Prog. Part.
Nucl. Phys. 105 (2019) 1–60, arXiv:1810.12938
[hep-ph].
Appendix A: Impact of perturbative QCD
corrections in the high-temperature regime
As described in the main text of sec. 2, in this work we
improved our method in the high-temperature regime
upon our previous work [11]: While we described quarks
and gluons as an ideal gas in [11], we here take into ac-
count corrections from perturbative QCD [29]. In this
appendix, we show how the inclusion of those correc-
tions impacts the cosmic trajectory. Figure 5 shows that
including perturbative corrections (solid lines) leads to
a significant shift of the cosmic trajectories compared
to the ideal quark gas (dashed lines) applied in [11].
Appendix B: Different cases of unequal lepton
flavour asymmetries
In this appendix, we show the cosmic trajectories for a
variety of different choices of the lepton flavour asym-
metries lα. Note that a common plot with the restric-
tions to our method, as in fig. 4, is not feasible since
the different trajectories refer to different contours for
pion condensation and the applicability of the Taylor
expansion.
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Fig. 5 Cosmic trajectories projected onto the (µB , T )-plane
(upper) and the (µQ, T )-plane (lower) for different choices
of the lepton flavour asymmetries lα. Solid lines include cor-
rections from perturbative QCD [29] (applied in this work),
dashed lines assume an ideal gas of gluons and quarks (ap-
plied in [11]).
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Fig. 6 Temperature evolution of conserved charge chemical potentials for different cases of unequal lepton flavor asymmetries.
(Top left) Baryon chemical potential µB . (Top right) Electric charge chemical potential −µQ. (Middle left) Electron lepton
flavor chemical potential µLe . (Middle right) Muon lepton flavor chemical potential µLµ . (Bottom left) Tau lepton flavor
chemical potential µLτ . Notations as before.
